Introduction
Intrinsically disordered proteins (IDPs) constitute important hubs in protein interaction networks. 1 They play key roles in cellular regulatory linkages thus aiding to maintain the physiological equilibrium. A malfunction is frequently accompanied by severe malady like cancer or neurodegenerative diseases. 2, 3 However, to date IDP function and structure-function relations have been only vaguely understood. 4, 5 Although these highly dynamic proteins sample vast and heterogeneous conformational spaces there is evidence for short-lived preformation of binding sites in otherwise disordered structural ensembles. 6, 7 Paramagnetic relaxation enhancement (PRE) has been established as a powerful tool for probing these sparsely populated and conformationally dynamic states. A paramagnetic spin label is used to enhance the transverse relaxation rates, R 2 , of amide protons ( It decays with a correlation time t c and the average distance between H N and X by hr HN-X À6 i. all symbols have their usual meaning. 8 Yet, the quantification of PREs, t c and the spectral density functions J(o) is not straightforward for IDPs. 13 Several applications of IDPs have been reported demonstrating the validity of the PRE approach. 8, 14, 15 However, since all thermally accessible sub-states contribute to the observed PRE the existence of concerted motions and cooperatively folded segments could not unambiguously be detected. To understand correlated (concerted) structural fluctuations in IDPs we propose a novel technique that exploits paramagnetic relaxation interference (PRI) effects. In our approach and in contrast to conventional PRE techniques we exploit dipole-dipole crosscorrelation effects between two spin labels carrying electrons X(1) and X(2) and an amide proton 1 H N .
The novel PRI methodology involves PRE measurements using single spin labels, X(1) and X (2) , to determine the rates 1 
, and a double mutant containing spin labels at both residual positions, X(1) and X(2), to determine
The simultaneous presence of two unpaired electrons in spatial proximity leads to interference effects between the X(1 16, 17 Beyond that cross-correlated NMR relaxation has attracted substantial interest in the past as a powerful tool for studying structure and dynamics of proteins in solution. 18 Cross-correlated relaxation arises from interference effects between the fluctuations of two different relaxation mechanisms of the same rank, which are active simultaneously and in a correlated manner. These concerted effects have been shown to be a valuable source of information about the structure and dynamics of proteins, since they are dependent on the relative geometry of the spin system. 
Results and discussion
The principle of the presented technique is outlined in Fig. 1 . For illustration, we consider the hypothetical case of an IDP that exists in several conformations (I, II and III) displaying differing local compaction of the polypeptide chain. In conformations I and II either the N-or the C-terminal segment is folded and long-range PRE effects are therefore separately observed only for residues located in the compacted regions. The two structured segments undergo uncorrelated foldingunfolding transitions. Thus, the observed PRE effect in the doubly labeled sample is equal to the sum of the individual single-electron (PRE) contributions. In contrast, if conformation III is significantly populated in the ensemble experimental PREs observed for the doubly labeled samples are altered due to dipole-dipole cross-correlation/interference effects. In the doubly labeled case (right side of Fig. 1 ) significant deviations from the additive sum, We want to emphasize that PRI depicts exclusively properties of the compacted state of a structurally dynamic protein, since the hr HN-X À6 i dependence entails a steep distance dependence of the underlying PRE. Given that individual PRI-effects can be measured as a function of residue and spin label positions this novel technique allows for direct experimental assessment of correlated (concerted) structural fluctuations in IDPs. We illustrate this novel methodology with an application to the IDP Osteopontin (OPN) and the brain acid soluble protein 1 (BASP1). 19 It is well-known that OPN samples are extended as well as small populations of transiently folded and compacted conformations (cf. Fig. 1 ). 20 The latter are central to substrate
interactions. 14, 21 For OPN we performed PRI measurements on a 220 amino acid (aa) long metastasis-associated, 21 truncated form (aa 47-264 of full-length OPN). Four singly and six doubly spin-labelled OPN cysteine mutants were produced by combining four labelling sites: C54, C108, C188 and C247. 20 MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) labels were used to introduce stable unpaired electrons. Fig. 2a -c, display prototypical PRE 1 H N -G 2 data obtained for residues 68 of C108-C188, 119 of C108-C18 and 226 of C54-247. 1 H N -G 2 rates were obtained using threepoint measurements as adapted from the approach of Clore and co-workers. 22 We observed significantly different PRIs,
between the different residues indicating significant heterogeneity of the conformational ensemble of OPN in solution. In order to rule out intermolecular PRE effects control experiments were performed using 14 N-MTS-labeled and 15 N wild-type (for detection) OPN. Corresponding data are given in the ESI. † To demonstrate that indeed electron-nucleus dipoledipole interference terms constitute the relevant factors we measured PRE data at different fields (600 and 800 MHz).
The obtained values were found to be independent of magnetic field strength thus corroborating the relevance of dipoledipole cross-correlation effects (see ESI †). The latter is further validated by electron T 1 times that have been exemplarily determined for the system C54-C188 at 50 K: C54: 804 AE 4 ms, C188: 710 AE 11 ms and C54-C188: 706 AE 5 ms. These values indicate the spatial proximity of the two spin labels in the double mutant allowing for significant inter-electron dipolar coupling. Finally, good agreement between experimental and theoretical 1 H N -G 2 rates was obtained employing a formalism described by
Kay and co-workers 23 for transverse relaxation in AMX spin systems (see Fig. 2 ). During the relaxation period non-vanishing dipole-dipole CCRs lead to mixtures of in-phase and doubly anti-phase coherences and thus to differential weighting of the individual multiplet components (aa, ba, ab and bb), depending on the sign of CCR. Most importantly, and as shown by Kay and co-workers 23 the diagonal elements of the (transverse) relaxation matrix (R(aa,aa) = R(bb,bb) and R(ab,ab) = R(ba,ba)) are larger than the off-diagonal (cross-relaxation) elements (e.g., R(aa,ab)). The only sizeable off-diagonal element is R(ab,ba), the inter-electron NOE as it is determined by the zero-frequency spectral density function J(o eA À o eB ), o eA and o eB being the (identical) electron Larmor frequencies. Contributions from electron longitudinal relaxation (T 1 ) were estimated based on experimental electron T 1 values. 24, 25 Taking this and published electron T 1 values into account and assuming a protein correlation time of about 10 ns suggests an electron T 1 for the proteinbound MTSL of several tenth of ms for the magnetic field strength used in our study. It can thus be concluded that the inter-electron dipolar cross-relaxation R(ab,ba) plays a pivotal role and that the individual multiplet components do not uniformly interchange. Further fundamental insights can be obtained by formulating spin relaxation in the framework of singlet and triplet states in radical pairs employing product operators. In the product basis {a, b} the density operator for the singlet state is S 0 = 1/O2(ab À ba), while the triplet states are defined as {T 1+ = 1/O2(aa), T 1À = 1/O2(bb) and T 10 = 1/O2(ab + ba)}. Furthermore, the singlet state can be written as a linear combination of the identity matrix E, longitudinal two-spin order S ZA S ZB and zero-quantum coherence {ZQC} x , S 0 = 1/4E À S ZA S ZB + {ZQC} x . Likewise the triplet state T 10 can be formulated as T 10 = 1/4E À S ZA S ZB À {ZQC} x . Dipole-dipole cross-correlation leads to a mixture of in-phase H X and doubly anti-phase 4H X S ZA S ZB , which can be written as linear combination of H X S 0 and H X T 10 . 26 It is well established that singlet-states show favorable relaxation properties. 27, 28 For example, inter-electron dipolar interactions are not relevant for the relaxation of the singlet-state S 0 . Chemical shift anisotropy (or g-anisotropy) contributions are reduced, too. Therefore, we conclude that the lifetime of H X S 0 will be significant and sufficiently long to be observable in the NMR experiment. Differential relaxation due to dipole-dipole crosscorrelation will thus manifest itself in different (effective) transverse relaxation times G 2 -1 H N . Fig. 3 shows experimental residue plots of PRI values obtained for the six doubly labelled OPN systems (C54-C188, C54-C108, C108-C247, C108-C188, C188-C247 and C54-C247). The data clearly show that significantly different PRIs are obtained depending on the positions of the spin label(s). The observation of significant PRIs indicates the simultaneous spatial proximity of the two labelling sites in the vicinity of the observed 1 H N . Thus, concerted participation of individual protein segments in the formation of a compacted state of an IDP may be deduced from the PRI-residue plots in Fig. 3 .
While largely positive PRIs were observed for the doublemutants C54-C247 and C188-C247, negative values were found when the spin labels were attached in the central (core) region 100-190 of OPN. It can thus be concluded that the conformational ensemble contains significantly compacted substates with distinct spatial arrangements. In these compact states conformational averaging is limited resulting in nonzero averaging of the geometric term h3cos 2 y À 1i. This is in agreement with our earlier findings that localized a compacted conformation to this region between aa 100 and 190 of OPN. 20, 21 At first glance, it seems to be counterintuitive that individual segments in IDPs display significantly different conformational averaging with sizeable residue h3cos A second example for the applicability of our PRI method was found with the human brain acid soluble protein 1 (BASP1). Earlier studies about changes in transverse relaxation times upon variations in environmental pH on the chicken analogue of BASP1 suggest that this protein samples N-terminally compacted states between aa 1 and 60 of the primary sequence. 19 A PRI analysis similar to that of OPN described above (see the ESI † for the full data set) evidently displays the N-terminal compaction of BASP1. A spin label at position C3 of the protein chain leads to strong negative PRIs for the N-terminal residues irrespective of the position of the second spin label (C92, C136, C205, see 
Conclusions
Concluding, paramagnetic relaxation interference (PRI) exploits relaxation interference between different electron-nucleus dipoles Given its ease of implementation, we anticipate that PRI measurements will significantly broaden the realm of NMR applications in IDP research. In addition to the applications described here the unexpected example of a long-lived spin state involving radical pairs in doubly spin-labeled proteins also offers exciting possibilities for NMR structural biology of folded (globular) proteins. Experiments exploring the possibilities of (structurebased) signal assignment and structure calculation and refinement applications are currently underway in our laboratory.
Experimental

Protein preparation
The expression of recombinant natively and 15 N labeled quail OPN was carried out as described previously. 20, 21 Human BASP1 mutants were sub-cloned into pet29b expression vectors and expressed similar to a procedure described by Geist et al. 19 After purification via His-affinity chromatography His-tags were cleaved with Thrombin (4 1C, over night). Proteins were tagged with MTSL. 20, 21 The labeling efficiency was always 495% as determined via DTNB assays. Excess MTSL was removed through dialysis into PBS. For NMR PBS containing 10% D 2 O was used as a lock solvent. Concentrations were 0.7 mM for OPN and 0.3 mM for BASP1. For EPR the samples were concentrated to 0.7 mM.
For PRE determination the MTSL labels were reduced with ascorbic acid for referencing.
NMR measurements
NMR spectra were recorded at 25 1C on Varian spectrometers operating at 600 and 800 MHz. NMR spectra were processed with NMRPipe 29 and analyzed using SPARKY. Spectra were recorded in the PFG sensitivity-enhanced mode for quadrature detection in the 15 N indirect dimension with carrier frequencies for 1 H N and 15 N of 4.73 ppm and 120 ppm, respectively.
A squared and 601 phase-shifted sine bell window function was applied in all dimensions for apodization. Time domain data were zero-filled to twice the data set size, prior to Fourier transformation. PRE rates of 15N-labeled OPN mutants C54, C108, C188, C247, C54-C108, C54-C188, C54-C247, C108-C188, C108-C247, C188-C247 and of BASP mutants C3, C92, C136, C205, C3-C92, C3-C136, C3-205, C92-C136, C92-C205, C136-C205 were obtained with three-point measurements as adapted from the approach by Clore and co-workers. 22 
EPR measurements
All experiments were carried out using a Bruker ELEXSYS E580 spectrometer operating at o9.4 GHz (X-band) with a Flexline split ring resonator ER 4118X MS3. The resonator was overcoupled giving a Q factor of approximately 100. The video bandwidth was set to be 50 MHz. All measurements were made at 50 K with the sample in a frozen glassy state, established using a closed cycle cryostat (ARS Inc.). A two-pulse electronspin-echo (ESE) sequence (p/2-t-p-t-echo) with a p pulse width of 40 ns was used to detect the echo decay spectra. A-two-step phase cycle was employed to eliminate unwanted echoes. The inversion recovery technique (p-t 1 -p/2-t-p-echo) was used to measure the longitudinal relaxation time, T 1 , using an echo detection sequence with a pulse separation time of 200 ns and a p pulse duration of 32 ns. T 1 time was deduced form the magnetization recovery curves fitted to the mono exponential function. Measurements of both relaxation times were performed at the field position that respond to the maximum of field-swept ESE detected spectra. The ESE detected spectra were simulated with Matlab s using the Easy-spin routines. 30, 31 
